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Analytical Methods.  HAAs and THMs were quantified by GC/MS (HP 6890 GC/HP 41 
5973 MS).  Disinfection by-products were separated by a Phenomenex Zebron ZB-WAX column 42 
(30 m x 0.25 mm x 0.25 µm df) using He at 1 mL min-1 (6 psi).  The injector was held at 200 °C 43 
and a sample volume of 3 µL (splitless) was used.  For THMs, the oven was set at 30 °C (hold 44 
for 2 min) and then ramped as follows: 5 °C min-1 to 50 °C (hold 2 min); 35 °C min-1 to 150 °C 45 
(hold 5 min); 25 °C min-1 to 185 °C (hold 5 min).  For HAAs, the oven was set at 35 °C (hold for 46 
10 min) and then ramped as follows: 5 °C min-1 to 75 °C (hold 15 min); 40 °C min-1 to 185 °C 47 
(hold 5 min).  Disinfection by-products were measured in single ion monitoring (SIM) mode at 48 
the following mass to charge ratios and dwell times: chloroform (83; 100 ms); 49 
bromodichloromethane (83; 100 ms); dibromochloromethane (129; 100 ms); bromoform (173; 50 
100 ms); monochloroacetic acid (MCAA; 59; 250 ms), dichloroacetic acid (DCAA; 59; 250 ms), 51 
and trichloroacetic acid (TCAA; 59; 250 ms).  52 
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Average Number of Treatment Cycles before Discharge Calculation.  In off-the-grid 53 
electrochemical wastewater treatment systems, treated wastewater can be used as flushing water 54 
to reduce or eliminate water requirements.  This design will result in parcels of water being 55 
treated multiple times after flushing, potentially increasing electrochemical byproduct 56 
concentrations prior to discharge.  The average number of treatment cycles a parcel of water will 57 
go through prior to discharge can be calculated according to: 58 
cycles =
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where Vtreated is the volume of water to be treated per use, which is the input volume of urine per 60 
use (Vinput) plus the volume of treated water used for flushing (Vflush).  Typical values of 0.3 L of 61 
urine per user and 3 L of treated water per flush were assumed. 62 
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Table SI 1.  Health guidelines for electrochemically produced by-products in drinking 63 
water measured in this study. 64 
Contaminant US EPA (µM) WHO (µM)  
Chlorate 2.5(1) a 8.4(2) b 
Perchlorate 0.15(3) c 0.7(4) d 
Nitrate 700(5) e 3500(6) f 
Bromate 0.08(5) e 0.08(7) b 
Contaminant US EPA (mg L
-1
) WHO (µM) 
THMs g 0.08(8) e no guideline 
Chloroform no guideline 3(9) f 
Bromodichloromethane no guideline 0.4(9) f 
Dibromochloromethane no guideline 0.5(9) f 
Bromoform no guideline 0.4(9) f 
HAAs h 0.06(8) e no guideline 
MCAA no guideline 0.2(10) f 
DCAA no guideline 0.4(11) d 
TCAA no guideline 1(12)  f 
a Health reference level.  b Provisional guideline.  c Health advisory.  d Draft guideline.  e Maximum 65 
contaminant level.  f Guideline.  g Sum of chloroform, bromodichloromethane, dibromochloromethane, 66 
and bromoform.  h Sum of mono-, di-, and trichloroacetic acids and mono- and dibromoacetic acids.67 
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Table SI 2.  Summary of Electrochemical Byproduct Formation in Previous Studies. 68 
Water 
Treated 
Anode Current 
Density 
(mA cm-2) 
Membrane [COD]init 
(mg L
-1
) 
[Cl
-
]init 
(mM) 
[NH4
+
]init 
(mM) 
[THM] 
(mg L
-1
) 
[HAA] 
(mg L
-1
) 
AOCl 
(µM) 
[ClO3
-
] 
(mM) 
[ClO4
-
] 
(mM) 
[NO3
-
] 
(mM) 
Ref. 
RO a BDD b 12.5 cation exchange 140 40 0.4 1.3 (1.3)c 3.8 (3.8)c 800 (250)c --
 d -- -- 13 
RO BDD 12.5 cation exchange 150 4 -- 1.1 8.8 -- -- -- -- 
14 
RO BDD 12.5 cation exch., none 140 40 -- -- -- 560 (200)c -- -- -- 
15 
RO BDD 2-20 none 130 20 8 0.2 (0.1)c,e -- -- 3.6 (1.8)c,e -- 2 (2)c,e 
16 
RO BDD 17 none 160 20 3 -- -- -- 4 (4)c -- -- 
17 
RO BDD 10-30 none 180 20 3 -- -- -- 4.2 (4.2)c -- -- 
18 
RO RuO2 
f 10-30 none 180 20 3 -- -- -- 0.9 -- -- 
18 
RO Ir, SnO2 
g 12.5 cation exchange 150 4 -- 0.7 3.9 -- -- -- -- 
14 
RO RuIrO2 
h 10 cation exchange 170 30 0.6 0.3 (0.1)e 2.8 (0.8)e -- 0.8 (0.2)e 0 -- 
19 
Domestic i BDD 10, 20 cation exchange -- 10 -- -- -- 20 (8)c 1.5 (0.1)c 1 (0.4)c -- 
20 
Domestic BDD 2.5-120 none -- 3 -- -- -- 30 (0.4)j 0 0 -- 
21 
Landfill k BDD 120-260 none 3400 70 90 2.1 -- -- -- -- 4 
22 
Landfill PbO2 
l 3.0 cation exchange 2800 130 2 -- -- 560 -- -- -- 
23 
Latrine m TiO2 
n 1.25 none -- 20 5 0.4 0.7 -- -- -- -- 
24 
Latrine SbSn o 25 none 250 30-60 10 -- -- -- 10 (3)c,e 6 (6)c,e 5 (1)c,e 
25 
OO leach. p BDD 0.1, 0.3 none 1000 0.1 20 3.5 (2)c -- -- -- -- -- 
26 
Drinking q BDD 10-30 none -- 1 -- -- -- -- -- 1 -- 
27 
Surface r IrO2 
s 0-8 none 10 3 -- 0.05 (0.03)j 0.1 (0.04)j -- 0 0 -- 
28 
GW t RuIrO2 11 none 30 2 -- -- -- 70 -- -- -- 
29 
Urine BDD 10-20 none 1710 35 133 3 (2)c,u -- 280 20 (20)c 30 (10) c -- 
30 
Urine TDIROF v 10-20 none 1710 35 133 1.3 u -- 370 28 28 -- 
30 
a Reverse osmosis retentate.  b Boron-doped diamond.  c Max conc. (conc. upon COD removal).  d Not measured.  e Max conc. (conc. upon NH4
+ 69 
removal).  f RuO2/Ti.  
g Pt-IrO2/Ti or SnO2-Sb/Ti.  
h RuIrO2/Ti.  
i Domestic wastewater.  j Max conc. (conc. upon disinfection).  k Landfill leachate.  70 
l PbO2/Ti.  
m Latrine wastewater.  n TiO2/IrO2/Ti.  
o Sb-SnO2/Co-TiO2/IrO2/Ti.  
p Olive oil leachate.  q Drinking water.  r Surface water.  s IrO2/Ti.  71 
t Groundwater.  u Only chloroform was measured.  v Thermally decomposed iridium oxide film. 72 
 73 
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Table SI 3.  Chemical Oxygen Demand (COD), Total Organic Carbon (TOC), and Total 74 
Inorganic Carbon (TIC) Concentrations during Electrolysis.
 
75 
Conditions COD (mg O2 L
-1
)
 
TOC (mg C L
-1
) TIC (mM)
 
TiO2/IrO2 
a 
2.5 A L-1 
30 mM Cl- 
0 h: 510 
6 h: 440 
12.5 h: 370 
0 h: 142 
 
12.5 h: 112 
0 h: 50 
 
12.5 h:   6 
TiO2/IrO2
 a 
5.0 A L-1 
30 mM Cl- 
0 h: 510 
3 h: 400 
9 h: 360 
0 h: 142 
 
9 h:   82 
0 h: 50 
 
9 h:   3 
TiO2/IrO2
 a 
7.5 A L-1 
30 mM Cl- 
0 h: 610 
6 h: 296 
 
0 h: 142 
6 h:   86 
0 h: 51 
6 h:   2 
TiO2/IrO2
 b 
7.5 A L-1 
65 mM Cl- 
0 h: 610 
6 h: 164 
 
0 h: 152 
6 h:   83 
0 h: 51 
6 h:   4 
TiO2/IrO2
 b 
7.5 A L-1 
100 mM Cl- 
0 h: 432 
4 h: 184 
12 h: <LOD c 
0 h: 178 
4 h: 128 
12 h: 122 
0 h: 52 
4 h:   4 
12 h: 4 
BDD d 
4 A L-1 
30 mM Cl- 
0 h: 437 
1 h: 120 
2 h: <LOD c 
4 h: <LOD c 
6 h: <LOD c 
0 h: 149 
 
 
 
6 h:   12 
0 h: 55 
 
 
 
6 h:   1 
NaOCl addition e 0 h: 510 
2 h: 410 
4 h: 270 
6 h: 110 
0 h: 147 
 
 
6 h: 117 
0 h: 54 
 
 
6 h: 19 
a See Figure 2 of main manuscript and Figure SI 4 for concentrations of other species.  c See Figure 3 of 76 
main manuscript and Figure SI 5 for concentrations of other species.  c Limit of detection (LOD) was 30 77 
ppm O2.  
d See Figure 4 of main manuscript for concentrations of other species.  e See Figure 6 of main 78 
manuscript for concentrations of other species. 79 
  80 
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Table SI 4.  Measured HAA Electrolysis Rates on BDD Anodes.
 a 
81 
HAA kborate
 b (Ah L-1) klatrine 
c (Ah L-1) kborate
 b (s-1) klatrine 
c (s-1) 
MCAA 12.7 ± 0.4 × 10-2 26 ± 1 × 10-2 1.9 ± 0.1 × 10-4 2.0 ± 0.2 × 10-4 
DCAA 8.2 ± 1.0 × 10-2 25 ± 1 × 10-2 2.2 ± 0.1 × 10-4 1.3 ± 0.1 × 10-4 
TCAA 8.4 ± 2.5 ×10-2 35 ± 1 × 10-2 2.2 ± 0.1 × 10-4 1.4 ± 0.3 × 10-4 
a HAA concentrations are shown in Figure 5 of main manuscript.  b Borate buffer solution.  c Latrine 82 
wastewater.   83 
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 84 
 85 
Figure SI 1.  Oxidation reduction potential (ORP), total chlorine concentration, cell voltage, and 86 
ammonium concentration during electrolysis of latrine wastewater amended with sodium 87 
chloride (TiO2/IrO2 anodes; 7.5 A L
-1; [Cl-]initial=100 mM).  Near the breakpoint (complete 88 
ammonium removal; ~3.2 h), total chlorine concentrations and ORP spiked.  At the same point, 89 
cell voltage showed a distinct peak.  Lines added for clarity. 90 
  91 
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 92 
Figure SI 2.  Concentrations of measured (symbols) and modeled (dashed lines) chlorine species 93 
following the breakpoint during electrolysis of latrine wastewater on TiO2/IrO2 anodes at 94 
7.5 A L-1.  Reaction rate constants were obtained by fitting reactions 95 
(2Cl  H"O
$%
→OCl  Cl  2H  2e;	 OCl  2H"O
$(
→ClO
  4H  4	e)25 to the 96 
experimental data (k1 = 0.35
 M-1 (Ah L-1)-1; k2 = 0.030 (Ah L
-1)-1).  See Figure 1 of main 97 
manuscript for concentrations of other species. 98 
 99 
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 100 
Figure SI 3.  Trihalomethane concentrations during electrolysis (TiO2/IrO2 anodes; 7.5 A L
-1; 101 
3.8 V) of latrine wastewater amended with sodium chloride ([Cl-]=100 mM).  Bromoform was 102 
not detected.  Dotted lines indicate where the chlorination breakpoint was reached (i.e., complete 103 
ammonium removal). 104 
  105 
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 106 
Figure SI 4.  Ion and inorganic byproduct concentrations during electrolysis of latrine wastewater 107 
at various current densities with TiO2/IrO2 anodes.  Average cell voltages: 2.5 A L
-1: 3.6 V; 108 
5.0 A L-1: 4.0 V; 7.5 A L-1: 4.4 V.  Dotted lines indicate where the chlorination breakpoint was 109 
reached (i.e., complete ammonium removal).  110 
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 112 
Figure SI 5.  Ion and inorganic byproduct concentrations during electrolysis of latrine wastewater 113 
at various chloride concentrations with TiO2/IrO2 anodes at 7.5 A L
-1.  Average cell voltages: 114 
30 mM Cl-: 4.4 V; 65 mM Cl-: 4.0 V; 100 mM Cl-: 3.9 V.  Dotted lines indicate when the 115 
chlorination break point was reached (i.e., complete ammonium removal). 116 
  117 
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 118 
Figure SI 6.  Concentrations of measured (symbols) and modeled (dashed lines) chlorine species 119 
during electrolysis of latrine wastewater on BDD anodes at 4.0 A L-1.  First-order reaction rate 120 
constants were obtained by fitting the model 121 
(Cl  3H"O
$+
→ClO
 	 6H  6e; 	ClO
  H"O
$-
→ ClO.
  2H  2e) to the experimental 122 
data (k3 = 0.17 (Ah L
-1)-1; k4 = 0.087 (Ah L
-1)-1).  See Figure 4 of main manuscript for 123 
concentrations of other species.  124 
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 125 
 126 
Figure SI 7.  Natural log of normalized TCAA and pCBA concentrations during electrolysis in 127 
borate buffer on BDD anodes (30 mM; pH 8.7).  128 
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 129 
 130 
Figure SI 8.  Factors that byproduct concentrations near the chlorination breakpoint 131 
([byproduct]BP) exceeded US Environmental Protection Agency (EPA) drinking water (DW) 132 
advisories and limits after one treatment cycle with different anodes, current densities, and 133 
chloride concentrations.  For treatment with BDD anodes, the point that chloride was removed 134 
was used instead of the breakpoint, because complete ammonium removal was not achieved. 135 
  136 
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 137 
Figure SI 9.  Factors that byproduct concentrations near the chlorination breakpoint 138 
([byproduct]BP) exceeded World Health Organization (WHO) drinking water (DW) regulations 139 
throughout one treatment cycle of latrine water electrolysis with BDD anodes.  4.0 A L-1; 140 
30 mM Cl- initially.  141 
S17 
 
References 142 
(1)  Roberson, J. A. Informing regulatory decisions using national occurrence data. J. Am. Water 143 
Works Assoc. 2012, 104 (3), E194–E203. 144 
(2)  WHO. Chlorite and Chlorate in Drinking-water; WHO Guidelines for Drinking-water 145 
Quality; WHO/SDE/WSH/05.08/86; World Health Organization, 2005. 146 
(3)  US EPA. Interim drinking water health advisory for perchlorate; EPA 822-R-08-025; U.S. 147 
Environmental Protection Agency: Washington, D.C., 2008. 148 
(4)  WHO. Perchlorate in Drinking-water: Draft background document; WHO/SDE/WSH/XXX; 149 
World Health Organization, 2015. 150 
(5)  US EPA. Table of Regulated Drinking Water Contaminants https://www.epa.gov/ground-151 
water-and-drinking-water/table-regulated-drinking-water-contaminants (accessed Dec 2, 152 
2016). 153 
(6)  WHO. Nitrate and nitrite in drinking-water; Background document for development of 154 
WHO Guidelines for Drinking-water Quality; WHO/SDE/WSH/01.01/16/Rev/1; World 155 
Health Organization, 2011. 156 
(7)  WHO. Bromate in drinking-water; Background document for development of WHO 157 
Guidelines for Drinking-water Quality; WHO/SDE/WSH/0.08/78; World Health 158 
Organization, 2005. 159 
(8)  US EPA. Stage 1 Disinfectants and Disinfetion Byproducts Rule; EPA 816-F-01-014; U.S. 160 
Environmental Protection Agency, 2001. 161 
(9)  WHO. Trihalomethanes in Drinking-Water; Background document for development of 162 
WHO Guidelines for Drinking-water Quality; WHO/SDE/WSH/05.08/64; World Health 163 
Organization, 2005. 164 
(10)  WHO. Monochloroacetic Acid in Drinking-water; Background document for development 165 
of WHO Guidelines for Drinking-water Quality; WHO/SDE/WSH/03.04/85; World 166 
Health Organization, 2004. 167 
(11)  WHO. Dichloroacetic Acid in Drinking-water; Background document for development of 168 
WHO Guidelines for Drinking-water Quality; WHO/SDE/WSH/05.08/121; World Health 169 
Organization, 2005. 170 
(12)  WHO. Trichloroacetic Acid in Drinking-water; Background document for development of 171 
WHO Guidelines for Drinking-water Quality; WHO/SDE/WSH/03.04/120; World Health 172 
Organization, 2004. 173 
(13)  Bagastyo, A. Y.; Batstone, D. J.; Kristiana, I.; Gernjak, W.; Joll, C.; Radjenovic, J. 174 
Electrochemical oxidation of reverse osmosis concentrate on boron-doped diamond 175 
anodes at circumneutral and acidic pH. Water Res. 2012, 46 (18), 6104–6112. 176 
(14)  Bagastyo, A. Y.; Batstone, D. J.; Rabaey, K.; Radjenovic, J. Electrochemical oxidation of 177 
electrodialysed reverse osmosis concentrate on Ti/Pt–IrO2, Ti/SnO2–Sb and boron-doped 178 
diamond electrodes. Water Res. 2013, 47 (1), 242–250. 179 
(15)  Bagastyo, A. Y.; Batstone, D. J.; Kristiana, I.; Escher, B. I.; Joll, C.; Radjenovic, J. 180 
Electrochemical treatment of reverse osmosis concentrate on boron-doped electrodes in 181 
undivided and divided cell configurations. J. Hazard. Mater. 2014, 279, 111–116. 182 
(16)  Pérez, G.; Fernández-Alba, A. R.; Urtiaga, A. M.; Ortiz, I. Electro-oxidation of reverse 183 
osmosis concentrates generated in tertiary water treatment. Water Res. 2010, 44 (9), 2763–184 
2772. 185 
S18 
 
(17)  Van Hege, K.; Verhaege, M.; Verstraete, W. Indirect electrochemical oxidation of reverse 186 
osmosis membrane concentrates at boron-doped diamond electrodes. Electrochem. 187 
Commun. 2002, 4 (4), 296–300. 188 
(18)  Van Hege, K.; Verhaege, M.; Verstraete, W. Electro-oxidative abatement of low-salinity 189 
reverse osmosis membrane concentrates. Water Res. 2004, 38 (6), 1550–1558. 190 
(19)  Bagastyo, A. Y.; Radjenovic, J.; Mu, Y.; Rozendal, R. A.; Batstone, D. J.; Rabaey, K. 191 
Electrochemical oxidation of reverse osmosis concentrate on mixed metal oxide (MMO) 192 
titanium coated electrodes. Water Res. 2011, 45 (16), 4951–4959. 193 
(20)  Garcia-Segura, S.; Keller, J.; Brillas, E.; Radjenovic, J. Removal of organic contaminants 194 
from secondary effluent by anodic oxidation with a boron-doped diamond anode as 195 
tertiary treatment. J. Hazard. Mater. 2015, 283, 551–557. 196 
(21)  Schmalz, V.; Dittmar, T.; Haaken, D.; Worch, E. Electrochemical disinfection of 197 
biologically treated wastewater from small treatment systems by using boron-doped 198 
diamond (BDD) electrodes – Contribution for direct reuse of domestic wastewater. Water 199 
Res. 2009, 43 (20), 5260–5266. 200 
(22)  Anglada, Á.; Urtiaga, A.; Ortiz, I.; Mantzavinos, D.; Diamadopoulos, E. Boron-doped 201 
diamond anodic treatment of landfill leachate: Evaluation of operating variables and 202 
formation of oxidation by-products. Water Res. 2011, 45 (2), 828–838. 203 
(23)  Lei, Y.; Shen, Z.; Huang, R.; Wang, W. Treatment of landfill leachate by combined aged-204 
refuse bioreactor and electro-oxidation. Water Res. 2007, 41 (11), 2417–2426. 205 
(24)  Huang, X.; Qu, Y.; Cid, C. A.; Finke, C.; Hoffmann, M. R.; Lim, K.; Jiang, S. C. 206 
Electrochemical disinfection of toilet wastewater using wastewater electrolysis cell. Water 207 
Res. 2016, 92, 164–172. 208 
(25)  Yang, Y.; Shin, J.; Jasper, J. T.; Hoffmann, M. R. Multilayer Heterojunction Anodes for 209 
Saline Wastewater Treatment: Design Strategies and Reactive Species Generation 210 
Mechanisms. Environ. Sci. Technol. 2016, 50 (16), 8780–8787. 211 
(26)  Katsoni, Α.; Mantzavinos, D.; Diamadopoulos, E. Sequential treatment of diluted olive 212 
pomace leachate by digestion in a pilot scale UASB reactor and BDD electrochemical 213 
oxidation. Water Res. 2014, 57, 76–86. 214 
(27)  Bergmann, M. E. H.; Rollin, J.; Iourtchouk, T. The occurrence of perchlorate during 215 
drinking water electrolysis using BDD anodes. Electrochimica Acta 2009, 54 (7), 2102–216 
2107. 217 
(28)  Schaefer, C. E.; Andaya, C.; Urtiaga, A. Assessment of disinfection and by-product 218 
formation during electrochemical treatment of surface water using a Ti/IrO2 anode. Chem. 219 
Eng. J. 2015, 264, 411–416. 220 
(29)  Butkovskyi, A.; Jeremiasse, A. W.; Hernandez Leal, L.; van der Zande, T.; Rijnaarts, H.; 221 
Zeeman, G. Electrochemical Conversion of Micropollutants in Gray Water. Environ. Sci. 222 
Technol. 2014, 48 (3), 1893–1901. 223 
(30)  Zöllig, H.; Remmele, A.; Fritzsche, C.; Morgenroth, E.; Udert, K. M. Formation of 224 
Chlorination Byproducts and Their Emission Pathways in Chlorine Mediated Electro-225 
Oxidation of Urine on Active and Nonactive Type Anodes. Environ. Sci. Technol. 2015. 226 
 227 
